Existing models for the generation of saccades predict fixed trajectories between start and landing positions of saecades. Experimental data show that saecades have rather variable trajectories. The objective of the present research is to quantify the variability in trajectories of binocular saccades and to test in how far spatial variability can be described by adding noise to components of existing models. We studied the trajectories of self-paced saccades. Saccades were made between a number of stationary, visual targets lying in the frontal plane. More than 75 saccades were made to each target. Horizontal and vertical movements of both eyes were measured with a scleral coil technique. We defined the direction from starting position to end position of each primary saccade as the effective direction. We defined the direction from starting position to the eye position when the saccade had covered a distance of 2.5 deg as the initial direction of the saccade. We find that variability is two to seven times larger in initial directions than in effective directions. Effective directions are more accurate and more precise than initial directions. For each eye, initial and effective directions of saccades made to a particular target are negatively correlated, although in most cases rather weakly (0.1 < r 2 < 0.5). Contrastingly, initial directions are always highly correlated (r 2 > 0.8) of associated binocular saccades. High correlations are also found between effective directions. We conclude that curvedness of saccades is the result of a purposeful control strategy. The saccadic trajectories show that, initially, the eyes are accelerated roughly in the direction of the target and subsequently they are guided to the target. Analysis of possible models suggests that variability predominantly enters the saccadic system at a central stage of neuronal saccade generation. We conclude from simulations, in which we used different models of saccade generation, that the major sources of directional variability are part of a feedback loop. This conclusion provides indirect evidence for the presence of a feedback loop in the saccadic system.
INTRODUCTION
Saccadic eye movements are fast goal-directed eye movements of which the kinematics are hardly affected by attention or effort. Until a number of years ago, saccades were believed to have very distinct characteristics. One typical characteristic was their conjugacy. Saccades of the two eyes were believed to be made in the same direction, and to have about equal amplitudes. Another characteristic was the fixed relationship between amplitude, speed and duration. The relationship between maximum speed and amplitude was sometimes called the main sequence of saccades (Bahill, Clark & Stark, 1975) . In the preceding decade it has become more and more clear that these beliefs are not correct. Ono, Nakamizo and Steinbach (1978) and later Enright (1984 Enright ( , 1986 accurate measurements of binocular saccades (Erkelens, Collewijn & Steinman, 1989) showed that saccades can have very different characteristics for the two eyes. Not only the amplitudes of binocular saccades can be very different but also the kinematics can depart considerably from the main sequence. Erkelens et al. (1989) proposed that the saccadic subsystem produces disjunctive eye movements in general and produces conjugate saccades as a special case, as appropriate for binocular fixation of objects of interest in the real world. Contemporary models (Robinson, 1975; Zee, Optican, Cook, Robinson & King Engel, 1976; van Gisbergen, Robinson & Gielen, 1981; van Gisbergen, van Opstal & Schoenmakers, 1985; Tweed & Vilis, 1985; Scudder, 1988; Grossman & Robinson, 1988; Becker & Jiirgens, 1990) of the neural control of saccades are based on an idea proposed by Robinson (1975) . This idea, widely accepted in the saccadic literature, is that saccades are produced by a pulse generator mechanism. The intensity of the pulse determines the saccadic velocity, the time integral of the pulse, called the step, determines the 3298 CASPER J. ERKELENS and OLAF B. SLOOT amplitude of the saccade. The basic idea was developed for describing the neural control of horizontal saccades made by a single eye. Experimental data of vertical and oblique saccades (van Gisbergen et al., 1985; Yee, Schiller, Lim, Baloh & Honrubia, 1985; King, Lisberger & Fuchs, 1986; Collewijn, Erkelens & Steinman, 1988a; Smit, van Gisbergen & van Opstal, 1990; Bains, Crawford, Cadera & Vilis, 1992) made available due to improved recording methods for vertical eye movements, caused extension of onedimensional models of saccades to two dimensions (van Gisbergen et al., 1985; Tweed & Vilis, 1985; Scudder, 1988; Becker & Jfirgens, 1990) . Although twodimensional saccades created specific problems for the modeling of their neural control, until recently the basic idea of Robinson was not questioned and incorporated in all models. From studying binocular, disjunctive saccades, Enright (1992) suggested that the pulse and step components of saccadic motoneuron activity are generated by largely independent processes. This interpretation is incompatible with most current models of saccade generation.
We have observed from experimental recordings of ourselves and others (see for example Collewijn et al., 1988a, b; Becker & JiJrgens, 1990; ) that trajectories of saccades show a fair amount of variability. Recently we studied spatial variability of monocular saccades (Erkelens & Vogels, 1995) and tested which existing models of saccade generation predicted the measured variability adequately when noise was added to their components. The objective of the present study is to investigate spatial variability of binocular saccades in order to see whether the measured characteristics prefer or allow particular models of saccade generation.
METHODS

Subjects
Four subjects participated in the experiments. They had visual acuities of 20/20 or better, with (2 subjects) or without (2 subjects) correction. None of them showed any ocular or oculomotor pathologies. One subject was experienced in oculomotor research. The other subjects were participating in such experiments for the first time. Informed consent was obtained from all subjects before they embarked on the study.
Apparatus
Positions of the two eyes were measured with an induction coil mounted in a scleral annulus in an a.c. magnetic field as first described by Robinson (1963) and modified and refined by Collewijn, van der Mark and Jansen (1975) . The dynamic range of the recording system was d.c. to better than 100 Hz (3 dB down), noise level less than + 3 min arc and deviation from linearity less than 1% over a range of + 25 deg. The head position of the subjects was restricted by a chin rest and a head support. A large (200 x 250cm) translucent screen (Marata) was positioned in front of the subject at a distance of 130 cm. Stimuli, generated on a microprocessor (Atari), were back-projected on the screen by using a projection system (Barco Data 800). The microprocessor was also used for data acquisition and for controlling the experiment. Horizontal and vertical positions of the eyes were digitized on-line at a frequency of 512 Hz with a resolution of 3 rain arc. Off-line the data were transferred to an Apollo 10000 computer system that was used for analysis.
Procedure
The experiments were carried out in a darkened room. The duration of each experimental session was limited to about 30 min. The sensitivity of the eye movement recorder was adjusted at the start of each experimental session. A calibration target containing a matrix of 3 x 3 equally spaced fixation marks was presented. The subject fixated in turn each mark while the polarity, gain and offset of the signal for eye position were inspected and roughly adjusted. After these adjustments, voluntary gaze shifts made between the calibration marks were recorded and used for calibration of the eye position signals.
The subjects were asked to make voluntary saccades between two target positions in their own rhythm for periods of 5 min. Both targets (discs, 0.2 deg dia) were located on a non-visible circle with a diameter of 40 deg centered about the primary position (Fig. 1) . In addition, purely horizontal and vertical eye movements were made for about the same time periods. The duration of experimental sessions was limited to about 30 rain.
Data analysis
In the off-line analysis, saccade onset as well as saccade offset were detected by a velocity threshold of 15 deg/sec in combination with a required minimum saccade duration of 15 msec. From the recordings we computed amplitude, velocity as a function of time, maximum velocity, initial direction, effective direction, and direction as a function of time for each saccade ( Fig. 1) . The initial direction of a saccade was defined as the direction from the starting position to the eye position when the saccade had covered a distance of 2.5 deg. The effective direction was defined as the direction from the eye position at saccade onset to that at saccade offset. Directional deviation of a saccade was defined as the difference between initial and effective direction. The directions were calculated for primary saccades, secondary saccades were excluded from the analysis. Due to the noise of the recording system (noise level less than ___ 3 min arc) the initial direction at a distance of 2.5 deg could be computed with an accuracy of 1.1 deg. Inaccuracy in the computation of the effective direction was negligible. We computed mean and standard deviations of amplitude, maximum velocity, initial direction, effective direction, and directions as a function of time for each set of at least 75 repeated binocular saccades. The relationship between initial and effective direction of saccades as well as correlations in initial and effective directions of saccades of the two eyes were analyzed by computing linear correlation coefficients.
RESULTS
Trajectories of saccades
All results presented in the figures are of binocular saccades made by one subject who has been measured most extensively. The results are representative for the other subjects. During the periods of 5 min, in which the subjects made saccades to and fro between two targets, generally about 150-200 saccades were made which implies that about 75-100 saccades were made in each direction. 
Variability of initial and effective directions of saccades
Our previous study (Erkelens & Vogels, 1995) showed that variability is larger of initial directions than of effective directions. Figure 3 demonstrates this phenomenon again for the two eyes. The ends of the cones are wider than the lengths of the bars. This difference in variability appears to be a general feature of saccades. We observed it in saccades made in all tested directions, by about the same amount in saccades of both eyes, and in all the subjects. As far as directional distance is concerned, saccades also land closer to the target position than can be predicted from the initial directions. Thus, effective directions are more precise and more accurate than initial directions. We found significant correlations between initial and effective directions for saccades in all directions and in all subjects. These correlations range from weak (r2~ 0.1) to moderately strong (r 2 ~0.5). A surprising result is that the correlations are all negative as is demonstrated by the negative slopes of the linear fits in Fig. 4 . Linear regression slopes range from -0.18 to -0.49. Negative correlations of initial and effective directions mean that saccades that start to the left of the average initial direction will most probably end to the right of the average direction, and otherwise. Figure 6 shows the angular distributions of variability in initial and effective directions of saccades made by the two eyes. The distributions are strikingly similar for both eyes. This similarity is observed in all subjects. The shape of the distributions is idiosyncratic. Variability of the two eyes is very similar for those directions in which associated saccades are made. Distributions of variability are not related to the anatomy of eyes and eye muscles because, in that case, we would have expected horizontally mirrored distributions for the two eyes. Effective directions show much smaller variabilities than initial directions. Furthermore, they have rather symmetrical distributions. Figure 5 shows directions of associated left-eye and right-eye saccades plotted against each other. The initial directions cover a wider range than the effective directions which illustrates the observation that initial directions are more variable than effective directions. The correlation between initial as well as effective directions is very high in all directions and in all subjects (r 2 > 0. 4 (see Fig. 3 ).
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DISCUSSION
Characteristics of variability
It is not very common to make suggestions about the saccadic system from measuring and analyzing saccadic variability. Most of our knowledge is based on average values. This bias towards the use of "ideal" examples is reflected in models of saccade generation. Generally such models describe typical features of saccades and produce idealized saccades which are hardly ever recorded in individual subjects. Variability existing in and between subjects may not be of relevance for models of saccade generation because it may only imply adjustment of certain parameters. On the other hand, variability can have specific features of which it is not clear whether all models are able to simulate them easily. Thus, knowledge of saccadic variability may provide arguments in favor or against particular models of saccade generation. The present results as well as those of previous studies (Bains et al., 1992; Erkelens & Vogels, 1995) show that variabilities in saccadic trajectories have very special characteristics which may put models to the test. Models of saccade generation must at least meet the three following criteria: (1) they must be able to simulate curved as well as straight saccades in any direction; (2) they should produce large variability in initial directions in combination with much smaller variability in effective directions; and (3) they have to simulate highly correlated initial directions as well as effective directions for associated binocular saccades.
Possible sources of variability
Before we examine particular models, we first discuss certain characteristics of variability in terms of the probability that major variability is generated at a particular stage of the saccadic process. Irrespective of the model that is favored, the process of saccade generation can be divided into a number of sequential stages of which one or more stages must be responsible for the occurrence of variability (Fig. 7) . Stage 1 represents the stimulus for binocular saccades in 3-dimensional space. The tip of the vector indicates the target position and the base indicates the position of the binocular fixation point. If binocular fixation were perfect, this stage would not contribute to saccadic variability at all. Errors in binocular fixation are so small that their contribution to the measured variabilities in initial and effective directions is negligible. Since we computed the correlation between directions of binocular saccades for saccades made between one eye position and one target position, the binocular stimulus does not contribute to the strength of the correlation. If noise were completely absent at the other stages of saccade processing, then graphs such as shown in Figs 4 and 5 would reduce to single points for which correlation is not defined. If noise were fully uncorrelated in the other stages, then we would expect uncorrelated directional variability for binocular saccades too. Stage 2 represents the stimulus at the level of the eyes. The vector indicates the 2-dimensional target position on the retina relative to the fovea. Torsional instability of the eyes during fixation may introduce directional variability of saccades. Ferman, Collewijn, Jansen and van den Berg (1987) reported standard deviations of about 0.27 deg for torsion. Thus, torsional variability is relatively small in comparison to the measured directional variabilities of saccades, which means that torsional instability only marginally contributes to variability of saccadic directions. Stage 3 represents the level at which retinal information of both eyes is transformed into one or two (dependent on the preferred model) saccadic motor error signals. The colliculus is one of the neural substrates of this stage. In stage 4, vectorial motor error signals are decomposed and transferred into activity patterns for motoneurons of individual eye muscles. Several nuclei in the brain stem and the cerebellum are involved in these processes. Stage 5 involves the oculomotor plants at which motoneural activity is converted into saccadic eye movements. Noise in muscular activity could be a likely source of saccadic variability. However, since the two eyes and their muscles are mechanically independent of each other, it is unlikely that noise at this stage can cause highly correlated variability. Correlated variability would b e possible if the variability were mainly caused by differences in timing of muscular activities. Although, in that case we expect to find variability distributions that are mirrored for the two eyes about the vertical axis and are not similar in shape (Fig. 6) . Thus, it is rather unlikely that stage 5 is the main source of directional saccadic variability. By elimination, this leaves stages 3 and 4 as the major sources of variability. 
Internal feedback or independent pulse-step control
Presently there are several 2-dimensional models of saccade generation. The majority of these models is based on the internal feedback principle. We found that the common source model (van Gisbergen et al., 1985) is able to produce saccades with realistic variabilities in initial and effective directions (Erkelens & Vogels, 1995) . An alternative idea for the generation of saccades was recently proposed by Enright (1992 Enright ( , 1995 . This author suggests that the step component for each eye depends only on that eye's visual input. The pulse components generated for each eye depend on weighted averaging of visual stimuli that impinge on both eyes. Thus, pulses and step signals may be generated by largely independent processes. Models based on this idea we can call independent pulse-step models.
We simulated saccadic trajectories including variability with a common source and an independent pulse-step model. Figure 8 shows examples of trajectories generated by both models. The common source model can produce curved as well as straight saccades depending on the relationship between the initial and effective directions. The independent pulse-step model produces saccadic trajectories which are straight up to almost the end of the saccades. Figure 2 shows that real saccades have trajectories that can be curved from the start. These changes in direction are goal-directed because the effective directions are more accurate than initial directions (Figs 2 and 6). Moreover, initial directions are correlated to effective directions (Fig. 4) which means that directions of pulse and step signals are directly related to each other. The negative correlations between initial and effective directions indicate that errors in initial directions are more than fully compensated near the end of saccades. Why this overcompensation occurs is not clear. The fact that correlations start from the beginning of saccades not only shows that directions of pulse signals are different from directions of step signals, but it also shows that pulse signals change direction during the course of the saccadic movements. Such changes in direction automatically occur in the common source model when, due to noise, the direction of the vectorial burst signal differs from the direction of the vectorial motor error signal. In the independent pulse-step model, the step cannot change the direction of the pulse and the effect of the step on the saccadic movement is first felt near the end of the saccade. This feature of independent pulse-step models renders them rather unsuitable for the modeling of saccade generation. The simulations suggest that the major sources of saccadic variability are probably placed within a feedback loop.
Conjugacy of the saccadic system
Fixation of eccentric targets usually requires unequal saccades for the two eyes. Figure 7 shows two alternative schemes for the generation of binocular saccades. Figure 7 (A) allows the generation of unequal saccades. Processing of signals occurs mainly :independent for the two eyes. If the pathways were completely independent, then disjunctive saccades would have the same dynamics as conjugate saccades. Erkelens et al. (1989) showed that the dynamics of disjunctive saccades are different from conjugate saccades of the same size. Dependence of the dynamics of one eye's saccade on tile size of the other eye's saccade implies that the two pathways must have a connection C (Fig. 7) at stage 3 or 4 which affects the dynamics of unequal binocular saccades. Figure 7 (B) allows the generation of conjugate saccades. Unequal saccades require the contribution of another system. The traditional view is that unequal saccades require the cooperation of two processes, the saccadic system producing conjugate eye movements and the vergence system producing disjunctive eye movements. More recently, detailed studies of unequal saccades questioned this view (Erkelens et al., 1989; Enright, 1992 Enright, , 1995 and advocated a single saccadic system to be solely responsible for equal as well as unequal saccades. The main argument for taking this position has been the observation that unequal saccades do not easily follow from combinations of vergence and conjugate saccades. Zee, Fitzgibbon and Optican (1992) tested three models of vergence-saccade interaction. They suggested that activity of omnipause cells either releases the activity of saccade-related vergence burst neurorts or allows a multiplicative interaction between saccadic and vergence signals. An elaborate analysis of unequal saccades in which special attention was paid to different combinations of conjugate saccades and vergence (convergence and divergence) provides evidence against a single mechanism (Collewijn, Erkelens & Steinman et al., 1995) . Variability in effective direction is introduced by adding noise to the direction of the vectorial motor error signal, variability in initial directions by addition of noise to the direction of the vectorial burst signal.
version dynamics due to vergence and vice versa argue for a mutual interaction, in which the saccadic and vergence systems strongly affect each other. In the present study we investigated conjugate saccades and found highly correlated saccadic directions of binocular saccades. High correlations are very likely if the saccadic system is organized according to Fig. 7(B) . Then, the saccadic system is a conjugate system and the noise source is shared by the two eyes. High correlations are also possible if the saccadic system is organized according to Fig. 7(A) but depend on the nature of connection C. High correlations predict that C not only affects the dynamics but also the directions of unequal saccades. Studying the variability of disjunctive saccades may give further insight into the organization of the saccadic system. For instance, Fig. 7(A) predicts equally high correlations for disjunctive and conjugate saccades because both types of saccades are produced by the same system. Contrastingly, Fig. 7(B) predicts that the variability of disjunctive saccades is less correlated than that of conjugate saccades because such saccades are generated by independent saccadic and vergence systems.
CONCLUSIONS
Directional variabilities of saccades have very special characteristics. Variability is two to seven times larger in initial directions than in effective directions. Moreover, variability is highly correlated in the two eyes. We conclude that curvedness of saccades is the result of a purposeful control strategy. Several aspects of the measured variability suggest that variability is introduced at a central stage of saccade generation. We conclude from simulations, in which we used different models of saccade generation, that the major sources of directional variability are part of a feedback loop. This conclusion provides indirect evidence for the presence of a feedback loop in the saccadic system.
